For the search for charginos and neutralinos in the Minimal Supersymmetric Standard Model (MSSM) as well as for future precision analyses of these particles an accurate knowledge of their production and decay properties is mandatory. We evaluate the cross sections for the chargino and neutralino production at e + e − colliders in the MSSM with complex parameters (cMSSM). The evaluation is based on a full one-loop calculation of the production mechanisms e + e − →χ ± cχ ∓ c ′ and e + e − →χ 0 nχ 0 n ′ including soft and hard photon radiation. We mostly restricted ourselves to a version of our renormalization scheme which is valid for |M 1 | < |M 2 |, |µ| and M 2 = µ to simplify the analysis, even though we are able to switch to other parameter regions and correspondingly different renormalization schemes. The dependence of the chargino/neutralino cross sections on the relevant cMSSM parameters is analyzed numerically. We find sizable contributions to many production cross sections. They amount roughly 10-20% of the tree-level results, but can go up to 40% or higher in extreme cases. Also the complex phase dependence of the one-loop corrections was found non-negligible. The full one-loop contributions are thus crucial for physics analyses at a future linear e + e − collider such as the ILC or CLIC.
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Introduction
One of the important tasks at the LHC is to search for physics beyond the Standard Model (SM), where the Minimal Supersymmetric Standard Model (MSSM) [1] [2] [3] is one of the leading candidates. Two related important tasks are the investigation of the mechanism of electroweak symmetry breaking, including the identification of the underlying physics of the Higgs boson discovered at ∼ 125 GeV [4, 5] , as well as the production and measurement of the properties of Cold Dark Matter (CDM). Here the MSSM offers a natural candidate for CDM, the Lightest Supersymmetric Particle (LSP), the lightest neutralino,χ 0 1 [6] (see below). These three (related) tasks will be the top priority in the future program of particle physics.
Supersymmetry (SUSY) predicts two scalar partners for all SM fermions as well as fermionic partners to all SM bosons. Contrary to the case of the SM, in the MSSM two Higgs doublets are required. This results in five physical Higgs bosons instead of the single Higgs boson in the SM. These are the light and heavy CP-even Higgs bosons, h and H, the CP-odd Higgs boson, A, and the charged Higgs bosons, H ± . In the MSSM with complex parameters (cMSSM) the three neutral Higgs bosons mix [7] [8] [9] [10] , giving rise to the CP-mixed states h 1 , h 2 , h 3 . The neutral SUSY partners of the (neutral) Higgs and electroweak gauge bosons are the four neutralinos,χ If SUSY is realized in nature and the scalar quarks and/or the gluino are in the kinematic reach of the LHC, it is expected that these strongly interacting particles are copiously produced. On the other hand, SUSY particles that interact only via the electroweak force, e.g. the charginos and neutralinos, have a much smaller production cross section at the LHC. Correspondingly, the LHC discovery potential as well as the current experimental bounds are substantially weaker.
At a (future) e + e − collider charginos and neutralinos, depending on their masses and the available center-of-mass energy, could be produced and analyzed in detail. Corresponding studies can be found for the ILC in Refs. [11] [12] [13] [14] and for CLIC in Refs. [14, 15] . (Results on the combination of LHC and ILC results can be found in Ref. [16] .) Such precision studies will be crucial to determine their nature and the underlying (SUSY) parameters.
In order to yield a sufficient accuracy, one-loop corrections to the various chargino/neutralino production and decay modes have to be considered. Full one-loop calculations in the cMSSM for various chargino/neutralino decays in the cMSSM have been presented over the last years [17] [18] [19] . One-loop corrections for their production from the decay of Higgs bosons (at the LHC or ILC/CLIC) can be found in Ref. [20] . In this paper we take the next step and concentrate on the chargino/neutralino production at e + e − colliders, i.e. we calculate,
σ(e + e − →χ 0 nχ 0 n ′ ) (n, n ′ = 1, 2, 3, 4) .
Our evaluation of the two channels (1) and (2) is based on a full one-loop calculation, i.e. including electroweak (EW) corrections, as well as soft and hard QED radiation. The renormalization scheme employed is the same one as for the decay of charginos/neutralinos [17] [18] [19] .
Consequently, the predictions for the production and decay can be used together in a consistent manner. Results for the cross sections (1) and (2) at various levels of sophistication have been obtained over the last three decades. Tree-level results were published for e + e − →χ ± cχ ∓ c ′ and e + e − →χ 0 nχ 0 n ′ in the MSSM with real parameters (rMSSM) in Refs. [21, 22] . Tree-level results for the cMSSM for e + e − →χ 0 nχ 0 n ′ (using a "projector formalism") were presented in Ref. [23] . Results for CP-odd observables with e + e − →χ ± cχ ∓ c ′ (c = c ′ ) were shown in Ref. [24] (including "selected box contributions") and extended to the full contributions in Refs. [25, 26] . Vertex corrections to e + e − →χ ± cχ ∓ c ′ in the rMSSM including the contributions of t/t/b/b were evaluated in Ref. [27] , using an MS renormalization scheme. The results including all quark/squark contributions were shown in Ref. [28] (claiming differences to Ref. [27] ). Full one-loop corrections in the rMSSM for e + e − →χ ± cχ ∓ c ′ were first presented in Ref. [29] and later in Ref. [30] . The inclusion of multi-photon emission and the implementation into an event generator was presented in Refs. [31, 32] . e + e − →χ 0 nχ 0 n ′ and e + e − →χ ± cχ ∓ c ′ were calculated at the full one-loop level in the rMSSM in Ref. [33] , and later also in Ref. [34] (but without including a numerical analysis). Full one-loop results for e + e − →χ 0 nχ 0 n ′ in the rMSSM were shown in Ref. [35] , where the soft SUSY-breaking parameter M 2 and the Higgs mixing parameter µ were renormalized on-shell ( [37] [38] [39] [40] , but only real parameters were included in the phenomenological analysis. Finally, in Ref. [41] the effects of imaginary and absorptive parts have been analyzed for e + e − →χ ± cχ ∓ c ′ , and for a precise cMSSM parameter extraction from experiment, full oneloop corrections to e + e − →χ 0 nχ 0 n ′ and e + e − →χ ± cχ ∓ c ′ were presented (for three benchmark points) in Ref. [42] . The differences in our renormalization in the chargino/neutralino sector from the previous two papers are discussed in our Ref. [18] .
In this paper we present for the first time a full and consistent one-loop calculation in the cMSSM for chargino and neutralino production at e + e − colliders. We take into account soft and hard QED radiation and the treatment of collinear divergences. Again, here it is crucial to stress that the same renormalization scheme as for the decay of charginos/neutralinos [17] [18] [19] (and for the production of charginos/neutralinos from Higgsboson decays [20] ) has been used. Consequently, the predictions for the production and decay can be used together in a consistent manner (e.g. in a global phenomenological analysis of the chargino/neutralino sector at the one-loop level. We analyze all processes w.r.t. the most relevant parameters, including the relevant complex phases. In this way we go substantially beyond the existing analyses (see above). In Sect. 2 we very briefly review the renormalization of the relevant sectors of the cMSSM and give details as regards the calculation. In Sect. 3 various comparisons with results from other groups are given. The numerical results for the production channels (1) and (2) are presented in Sect. 4. The conclusions can be found in Sect. 5.
Prolegomena
We use the following short-hands in this paper:
• FeynTools ≡ FeynArts + FormCalc + LoopTools.
• full = tree + loop.
• s w ≡ sin θ W , c w ≡ cos θ W .
• t β ≡ tan β.
They will be further explained in the text below.
Calculation of diagrams
In this section we give some details regarding the renormalization procedure and the calculation of the tree-level and higher-order corrections to the production of charginos and neutralinos in e + e − collisions. The diagrams and corresponding amplitudes have been obtained with FeynArts (version 3.9) [43] , using the MSSM model file (including the MSSM counterterms) of Ref. [44] . The further evaluation has been performed with FormCalc (version 9.5) and LoopTools (version 2.13) [45] .
The complex MSSM
The cross sections (1) and (2) are calculated at the one-loop level, including soft and hard QED radiation; see the next section. This requires the simultaneous renormalization of the gauge-boson sector, the fermion/sfermion sector as well as the chargino/neutralino sector of the cMSSM. We give a few relevant details as regards these sectors and their renormalization. More details and the application to Higgs boson and SUSY particle decays can be found in Refs. [17-20, 44, 46-50] . Similarly, the application to Higgs-boson production cross sections at e + e − colliders are given in Refs. [51, 52] . The renormalization of the fermion/sfermion and gauge-boson sectors follows strictly Ref. [44] and references therein (see especially Ref. [53] ). This defines in particular the counterterm δt β , as well as the counterterms for the Z boson mass, δM 2 Z , and for the sine of the weak mixing angle, δs w (with
, where M W and M Z denote the W and Z boson masses, respectively).
For the fermion sector we use the default values as given in Ref. [44] . In the slepton sector we use the on-shell (OS) scheme OS [1] , i.e. in the notation of [44] 1 :
on-shell scheme with mẽ 1g OS, Y eg OS .
The chargino/neutralino sector is also described in detail in Ref. [44] and references therein; see in particular Refs. [17] [18] [19] 48] . In this paper we use mostly the CCN[1] scheme (i.e. OS conditions for the two charginos and the lightest neutralino), as implemented in the FeynArts model file MSSMCT.mod [44] . Also some CNN[c, n, n ′ ] schemes (OS conditions for one chargino and two neutralinos, as implemented in MSSMCT.mod) have been used for a few comparative calculations, as will be detailed below. Either scheme fixes three out of six chargino/neutralino masses to be on-shell. The other three masses then acquire a finite shift. The one-loop masses of the remaining charginos/neutralinos are obtained from the tree-level ones via the shifts [54] :
with c = 1, 2; n = 1, 2, 3, 4, where the renormalization constants δZ, δZ, δZ and δM can be found in section 3.4 of Ref. [44] . For all externally appearing chargino/neutralino masses the (shifted) "on-shell" masses are used:
In order to yield UV-finite results the tree-level values mχ± c and/or mχ0 n for all internally appearing chargino/neutralino masses in loop calculations are used. Renormalizing the two charged states OS (as done in CCN schemes), i.e. ensuring that they have the same mass at the tree-and at the loop level is (in general) crucial for the cancellation of the IR divergencies. On the other hand, CNN schemes are IR divergent if an externally appearing chargino is not chosen OS.
The CCN [1] scheme defines in particular the counterterm δµ, where µ denotes the Higgs mixing parameter. This scheme yields numerically stable results for |M 1 | < |M 2 |, |µ| and M 2 = µ, i.e. the lightest neutralino is bino-like and defines the counterterm for M 1 [17] [18] [19] 55] . In the numerical analysis this mass pattern holds. Switching to a different mass pattern, e.g. with |M 2 | < |M 1 | and/or M 2 ∼ µ requires one to switch to a different renormalization scheme [44, 55] . While these schemes are implemented into the FeynArts/FormCalc framework [44] , so far no automated choice of the renormalization scheme has been devised. For simplicity we stick (mostly) to the CCN [1] scheme with a matching choice of SUSY parameters; see Sect. 4.1.
Contributing diagrams
Sample diagrams for the process e + e − →χ ± cχ ∓ c ′ are shown in Fig. 1 and for the process e + e − →χ 0 nχ 0 n ′ in Fig. 2 . Not shown are the diagrams for real (hard and soft) photon radiation. They are obtained from the corresponding tree-level diagrams by attaching a photon to the (incoming/outgoing) electron or chargino. The internal particles in the generically depicted diagrams in Figs. 1 and 2 are labeled as follows: F can be a SM fermion f , chargino Figure 1 : Generic tree, self-energy, vertex, box, and counterterm diagrams for the process e + e − → χ ± cχ ∓ c ′ (c, c ′ = 1, 2). F can be a SM fermion, chargino or neutralino; S can be a sfermion or a Higgs/Goldstone boson; V can be a γ, Z or W ± . It should be noted that electron-Higgs couplings are neglected. We have neglected all electron-Higgs couplings and terms proportional to the electron mass whenever this is safe, i.e. except when the electron mass appears in negative powers or in loop integrals. We have verified numerically that these contributions are indeed totally negligible. For internally appearing Higgs bosons no higher-order corrections to their masses or couplings are taken into account; these corrections would correspond to effects beyond one-loop order. 2 Moreover, in general, in Figs. 1 and 2 we have omitted diagrams with self-energy type corrections of external (on-shell) particles. While the contributions from the real parts of the loop functions are taken into account via the renormalization constants defined by OS renormalization conditions, the contributions coming from the imaginary part of the loop functions can result in an additional (real) correction if multiplied by complex parameters. In the analytical and numerical evaluation, these diagrams have been taken into account via the prescription described in Ref. [44] .
Within our one-loop calculation we neglect finite width effects that can help to cure threshold singularities. Consequently, in the close vicinity of those thresholds our calculation does not give a reliable result. Switching to a complex mass scheme [56] would be another possibility to cure this problem, but its application is beyond the scope of our paper.
The tree-level formulas σ tree (e + e − →χ ± cχ ∓ c ′ ) and σ tree (e + e − →χ 0 nχ 0 n ′ ) are rather lengthy and can be found elsewhere [21, 22] . Concerning our evaluation of σ(e + e − →χ ± cχ ∓ c ′ ) we define:
if not indicated otherwise. Differences between the two charge conjugated processes can appear at the loop level when complex parameters are taken into account, as will be discussed in Sect. 4.2. We furthermore define the CP asymmetry A 12 for the non-diagonal chargino production (see Ref. [25] for details),
This asymmetry will be used for a comparison with previous calculations and for an evaluation of the effects of the complex phases.
Ultraviolet, infrared and collinear divergences
As regularization scheme for the UV divergences we have used constrained differential renormalization [57] , which has been shown to be equivalent to dimensional reduction [58] at the one-loop level [45] . Thus the employed regularization scheme preserves SUSY [59, 60] and guarantees that the SUSY relations are kept intact, e.g. that the gauge couplings of the SM vertices and the Yukawa couplings of the corresponding SUSY vertices also coincide to one-loop order in the SUSY limit. Therefore no additional shifts, which might occur when using a different regularization scheme, arise. All UV divergences cancel in the final result. Soft photon emission implies numerical problems in the phase space integration of radiative processes. The phase space integral diverges in the soft energy region where the photon momentum becomes very small, leading to infrared (IR) singularities. Therefore the IR divergences from diagrams with an internal photon have to cancel with the ones from the corresponding real soft radiation. We have included the soft photon contribution via the code already implemented in FormCalc following the description given in Ref. [61] . The IR divergences arising from the diagrams involving a photon are regularized by introducing a photon mass parameter, λ. All IR divergences, i.e. all divergences in the limit λ → 0, cancel once virtual and real diagrams for one process are added. We have numerically checked that our results do not depend on λ or on ∆E = δ s E = δ s √ s/2 defining the energy cut that separates the soft from the hard radiation. As one can see from the example in Fig. 3 this holds for several orders of magnitude. Our numerical results below have been obtained for fixed δ s = 10 −3 . Numerical problems in the phase space integration of the radiative process arise also through collinear photon emission. Mass singularities emerge as a consequence of the collinear photon emission off massless particles. But already very light particles (such as electrons) can produce numerical instabilities. For the treatment of collinear singularities in the photon radiation off initial state electrons and positrons we used the phase space slicing method [62] , which is not (yet) implemented in FormCalc and therefore we have developed and implemented the code necessary for the evaluation of collinear contributions; see also Refs. [51, 52] .
In the phase space slicing method, the phase space is divided into regions where the integrand is finite (numerically stable) and regions where it is divergent (or numerically unstable). In the stable regions the integration is performed numerically, whereas in the unstable regions it is carried out (semi-) analytically using approximations for the collinear photon emission.
The collinear part is constrained by the angular cut-off parameter ∆θ, imposed on the angle between the photon and the (in our case initial state) electron/positron.
The differential cross section for the collinear photon radiation off the initial state e + e − pair corresponds to a convolution
with P ee (z) = (1+z 2 )/(1−z) denoting the splitting function of a photon from the initial e + e − pair. The electron momentum is reduced (because of the radiated photon) by the fraction z such that the center-of-mass frame of the hard process receives a boost. The integration over all possible factors z is constrained by the soft cut-off δ s = ∆E/E, to prevent over-counting in the soft energy region. We have numerically checked that our results do not depend on the angular cut-off parameter ∆θ over several orders of magnitude; see the example in Fig. 4 . Our numerical results below have been obtained for fixed ∆θ/rad = 10 −2 . The one-loop corrections of the differential cross section are decomposed into the virtual, soft, hard, and collinear parts as follows:
The hard and collinear parts have been calculated via Monte Carlo integration algorithms of the CUBA library [63] as implemented in FormCalc [45] . 
Comparisons
In this section we present the comparisons with results from other groups in the literature for chargino/neutralino production in e + e − collisions. These comparisons were mostly restricted to the MSSM with real parameters. The level of agreement of such comparisons (at one-loop order) depends on the correct transformation of the input parameters from our renormalization scheme into the schemes used in the respective literature, as well as on the differences in the employed renormalization schemes as such. In view of the non-trivial conversions and the large number of comparisons such transformations and/or change of our renormalization prescription is beyond the scope of our paper.
• In Refs. [21, 22] the processes e + e − →χ ± cχ ∓ c ′ and e + e − →χ 0 nχ 0 n ′ have been calculated in the rMSSM at tree level. Because our tree-level results are in good agreement with other groups (see below), we omitted a comparison with Refs. [21, 22] .
• Tree-level results in the cMSSM for (polarized) e + e − →χ 0 nχ 0 n ′ (using a "projector formalism") were presented in Ref. [23] . As input we used their parameter sets "SP 1b" and "SP 1c", but it should be noted that they gave no SM input parameters. In Fig. 5 we show our calculation in comparison to their Figs. 6a,b where we find good agreement with their results. The small differences can be explained with the different SM input parameters.
• In Ref. [24] the process e + e − →χ ± cχ ∓ c ′ (c = c ′ ) has been computed in the cMSSM (including "selected box contributions") and extended to the full contributions in Refs. [25, 26] . We performed a comparison with Ref. [25] using their input parameters (as far as possible). They also used (older versions of) FeynTools for their calculations. We find good agreement with their Fig. 3 ; as can be seen in our Fig. 6 , where we self vert box full Figure 6 : Comparison with Ref. [25] for σ(e + e − →χ ± cχ ∓ c ′ ). CP-odd observables A 12 are shown within scenario (A) chosen according to Ref. [25] . The left (right) plot shows A 12 (see Eq. (7)) with ϕ µ (ϕ At ) varied and the different contributions from the box, vertex, and self-energy corrections including absorptive parts via renormalization constants.
show the CP-odd observable A 12 ; see Eq. (7). While the box contributions to A 12 and the full results are in good agreement, the self-energy and vertex contributions differ significantly. However, here it should be noted that we have included the absorptive parts from self-energy type contributions via additional renormalization constants (see Refs. [44, 48] ) and not via the self-energy diagrams by themselves, which explains the large differences in the pure "self" and "vert" parts. But in combination the results are in agreement as expected. It should also be noted that A 12 is very sensitive to the input parameters, explaining the small differences in the box and full results.
• Radiative corrections to chargino production in electron-positron collisions in the rMSSM were analyzed in Ref. [27] . The vertex corrections to e + e − →χ ± cχ ∓ c ′ in the approximation of t/t/b/b contributions were evaluated, using an MS renormalization scheme. It should be noted that Ref. [28] (see the next item) claimed differences to Ref. [27] . In addition this paper is (more or less) a prelude to Refs. [30, 40] , therefore we omitted a comparison with Ref. [27] .
• In Ref. [28] the process e + e − →χ ± cχ ∓ c ′ including all quark/squark contributions in the self-energy and vertex corrections has been calculated in the rMSSM. It should be noted that the authors claimed that the calculation of the cross section including only t/t/b/b loops as presented in Ref. [27] is not a reasonable approximation in general. We used their input parameters (i.e. scenarios G1 and H1) as far as possible (no SM parameters have been given) 3 and reproduced Fig. 1 (a) and Fig. 3 of Ref. [28] , where e + e − L →χ + 1χ − 1 had been evaluated. Our results are shown in Fig. 7 . As in Ref. [28] we also include only the (s)quark contributions for this comparison. We are in very good qualitative agreement and the loop corrections differ numerically less than 2%. The reasons for these small differences can again be found in the different renormalization schemes and SM input parameters.
• Full one-loop corrections in the rMSSM for e + e − →χ ± cχ ∓ c ′ were presented in Ref. [29] . Because Ref. [29] is only an extract from Ref. [33] (see the corresponding item below), we omitted a comparison with Ref. [29] .
• In Ref. [30] the (weak) one-loop contributions of the rMSSM to the process e + e − → χ ± cχ ∓ c ′ have been calculated, i.e. neglecting the pure QED corrections involving photon loops and radiation. The calculation has been performed within the DR scheme for polarized electrons and charginos. We used their input parameters (benchmark point C model) as far as possible and reproduced Fig. 3 and Fig. 4 of Ref. [30] in our Fig. 8 . While we are in good qualitative agreement the loop corrections differ numerically. Besides the different renormalization schemes the main reason is that we must keep the QED corrections for UV finiteness in our on-shell scheme. Although we subtracted the leading QED logarithms ∝ ln(s/m 2 e ) (by hand) for the comparison the differences are quite large, rendering this comparison not significant.
• The inclusion of multi-photon emission in e + e − →χ ± cχ ∓ c ′ and the implementation into an NLO event generator was presented in Ref. [31, 32] . As input parameters they used the SUSY parameter point SPS1a
′ ; see Ref. [64] . We also used the parameter point SPS1a ′ but translated from the DR to on-shell values and reproduced successfully Fig. 7 of Ref. [31] in our Fig. 9 . Our one-loop results are in reasonable agreement with the ones in Ref. [31] within ±3%. The small difference can be easily explained with the different renormalization schemes, slightly different input parameters, and the different treatment of the photon bremsstrahlung, where they have included multiphoton emission while we kept our calculation at O(α).
• Ref. [33] is the source of Ref. [29] (see the corresponding previous item), dealing with chargino and neutralino production in the rMSSM. A comparison with Fig. 6 .13 of (only s.e.)
(no-boxes) Ref. [33] is given in our Fig. 10 , where we show∆ = (σ loop − σ ISR )/σ tree as a function of t β for two numerical scenarios (used in the original Fig. 6.13) . 4 Using their input parameters and our CNN [2, 1, 3] scheme (which appears closest to their renormalization scheme) we are in rather good agreement for M SUSY ≥ 500 GeV, while only in very rough agreement for M SUSY = 200 GeV. This can be explained with the different renormalization schemes, especially with the different renormalization of t β , which in Ref. [33] is defined via the imaginary part of the AZ self-energy. Furthermore,∆ is very sensitive to the loop corrections.
• Ref. [34] deals with "prototype graphs" for radiative corrections to polarized chargino or neutralino production in electron-positron annihilation. This paper contains no numerical analysis, rendering a comparison impossible.
• In Ref. [35] the "full" one-loop corrections to neutralino pair production in the rMSSM were analyzed numerically including QED corrections. They used (older versions of) FeynTools for their calculations but implemented their own on-shell renormalization procedure. In their analysis they show "full" O(α) corrections but without initial state radiation. The authors extended their analysis to e + e − →χ 0 nχ 0
Ref. [36] in the cMSSM, making some improvements also concerning the photon radiation. Therefore, we skip the comparison with Ref. [35] , but focus on Ref. [36] . We used their input parameters (i.e. the real on-shell parameter set of the SUSY parameter point SPS1a ′ , see Ref. [64] ) as far as possible and reproduced their Figs. 7-11 in our Fig. 11 . Qualitatively we are in good agreement with Ref. [36] , but our (relative) one-loop results are numerically only roughly in agreement with their results within ±25%. The differences can be explained (besides the different renormalization schemes) with the fact that they used an "α(Q)" scheme, that yields particularly large corrections, w.r.t. our α(0) scheme (these effects were known already for a long time, see Refs. [65, 66] , where the different renormalizations even yielded a different sign of the one-loop corrections). They also included higher order contributions into their initial state radiation while we kept our calculation at O(α).
• In Ref. [37] [38] [39] the processes e + e − →χ
have been calculated in the cMSSM, but only real parameters were included in the phenomenological analysis. Unfortunately, in Refs. [37, 38] not sufficient information about their input parameters where given, rendering a comparison impossible. On the other hand, both papers are contained in Ref. [39] . For the comparison with Ref. [39] we successfully reproduced their Tab. 7.1 (see our Tab. 1) and their Figs. 6.7, 7.2 and 7.3 (see our Fig. 12 , where we show some examples). The (expected) small differences at O(1%) are likely caused by the slightly different renormalization scheme. An exception is e + e − →χ 0 3χ 0 3 , where the tree-level cross section is accidentally very small, resulting in a larger deviation of the one-loop corrections.
• Finally, Ref. [40] is (more or less) an extension to Ref. [30] (see the corresponding previous item), dealing with polarized electrons and charginos and with multi-photon bremsstrahlung in the rMSSM. The authors claimed that they are in reasonable agreement with Ref. [36] within ±2%. We used their input parameters as far as possible and reproduced their Fig. 6 in our Fig. 13 . The relative corrections agree (away from the production threshold) better than ±10%. The differences arise for the same reasons as already described in the comparison with Ref. [36] , see the corresponding item above.
• The effects of imaginary and absorptive parts were analyzed for e + e − →χ ± cχ ∓ c ′ in Ref. [41] . The differences in the renormalization of the chargino/neutralino sector between Ref. [41] and our work are discussed in Ref. [18] . The chargino/neutralino production in the cMSSM at the full one-loop level has been numerically compared with Ref. [41] using their latest FeynArts model file implementation. We found overall agreement better than 4% (in the most cases better than 1%) in the loop corrections for real and complex parameters.
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• For the precise extraction of the underlying SUSY parameters, in Ref. [42] e + e − → χ ± cχ ∓ c ′ has been calculated at the full one-loop level for three cMSSM benchmark points. As in the previous point, the differences in the renormalization of the chargino/neutralino sector between Ref. [42] and our work are discussed in Ref. [18] . Again, using their latest FeynArts model file implementation, we found overall agreement better than 2% in the loop corrections. But we found significant numerical differences with the results shown in Ref. [42] , as already noted in the previous item.
To conclude, we found good agreement with the literature where expected, and the encountered differences can be traced back to different renormalization schemes, corresponding mismatches in the input parameters and small differences in the SM parameters. After comparing to the existing literature we would like to stress again that here we present for the first time a full one-loop calculation of σ(e + e − →χ 0 nχ 0 n ′ ) and σ(e + e − →χ ± cχ ∓ c ′ ) in the cMSSM, using the scheme that was employed successfully already for the full one-loop decays of the (produced) charginos and neutralinos. The two calculations can readily be used together for the full production and decay chain.
Numerical analysis
In this section we present our numerical analysis of chargino/neutralino production at e + e − colliders in the cMSSM. In the figures below we show the cross sections at the tree level ("tree") and at the full one-loop level ("full"), which is the cross section including all oneloop corrections as described in Sect. 2. The CCN[1] scheme (i.e. OS conditions for the two charginos and the lightest neutralino) has been used for most evaluations. For comparative calculations also some CNN[c, n, n ′ ] schemes (OS conditions for one chargino and two neutralinos) have been used, as indicated below.
We first define the numerical scenario for the cross section evaluation. Then we start the numerical analysis with the cross sections of e + e − →χ • , lower right or middle plots). In some cases also the t β dependence is shown. Then we turn to the processes e + e − →χ 0 nχ 0 n ′ (n, n ′ = 1, 2, 3, 4) in Sect. 4.3. All these processes are of particular interest for ILC and CLIC analyses [11] [12] [13] 15] (as emphasized in Sect. 1).
Parameter settings
The renormalization scale µ R has been set to the center-of-mass energy, √ s. The SM parameters are chosen as follows; see also [68] :
• Fermion masses (on-shell masses, if not indicated differently): 
• Gauge-boson masses:
• Coupling constant:
The SUSY parameters are chosen according to the scenario S, shown in Tab. 2. This scenario is viable for the various cMSSM chargino/neutralino production modes, i.e. not picking specific parameters for each cross section. They are in particular in agreement with the chargino and neutralino searches of ATLAS [70] and CMS [71] .
It should be noted that higher-order corrected Higgs boson masses do not enter our calculation.
6 However, we ensured that over larger parts of the parameter space the lightest Higgs boson mass is around ∼ 125 ± 3 GeV to indicate the phenomenological validity of our scenarios. In our numerical evaluation we will show the variation with √ s, µ, ML = MẼ, and ϕ M 1 , the phase of M 1 . The dependence of t β turned out to be rather small, therefore we show it only in a few cases, where it is of special interest. Concerning the complex parameters, some more comments are in order. Potentially complex parameters that enter the chargino/neutralino production cross sections at tree-level are the soft SUSY-breaking parameters M 1 and M 2 as well as the Higgs mixing parameter µ. However, when performing an analysis involving complex parameters it should be noted that the results for physical observables are affected only by certain combinations of the complex phases of the parameters µ, the trilinear couplings A f and the gaugino mass parameters M 1,2,3 [73, 74] . It is possible, for instance, to rotate the phase ϕ M 2 away. Experimental constraints on the (combinations of) complex phases arise, in particular, from their contributions to electric dipole moments of the electron and the neutron (see Refs. [75, 76] and references therein), of the deuteron [77] and of heavy quarks [78] . While SM contributions enter only at the three-loop level, due to its complex phases the MSSM can contribute already at one-loop order. Large phases in the first two generations of sfermions can only be accommodated if these generations are assumed to be very heavy [79] or large cancellations occur [80] ; see, however, the discussion in Ref. [81] . A review can be found in Ref. [82] . Recently additional constraints at the two-loop level on some CP phases of SUSY models have been investigated in Ref. [83] . Accordingly (using the convention that ϕ M 2 = 0, as done in this paper), in particular, the phase ϕ µ is tightly constrained [84] , and we set it to zero. On the other hand, the bounds on the phases of the third-generation trilinear couplings are much weaker. Consequently, the largest effects on the neutralino production cross sections at the tree-level are expected from the complex gaugino mass parameter M 1 , i.e. from ϕ M 1 . At the loop level the largest effects are expected from contributions involving large Yukawa couplings, and thus ϕ At potentially has the strongest impact. This motivates our choice of ϕ M 1 and ϕ At as parameters to be varied.
Since now complex parameters can appear in the couplings, contributions from absorptive parts of self-energy type corrections on external legs can arise. The corresponding formulas for an inclusion of these absorptive contributions via finite wave function correction factors can be found in Refs. [44, 48] .
The numerical results shown in the next subsections are of course dependent on the choice of the SUSY parameters. Nevertheless, they give an idea of the relevance of the full one-loop corrections.
The process e
The process e + e − →χ + 1χ − 1 is shown in Fig. 14 . It should be noted that for s → ∞ decreasing cross sections ∝ 1/s are expected; see Ref. [21] . If not indicated otherwise, unpolarized electrons and positrons are assumed. We also remind the reader that σ(e + e − →χ ± cχ ∓ c ′ ) denotes the sum of the two charge conjugated processes ∀ c = c ′ ; see Eq. (6). In the analysis of the production cross section as a function of √ s (upper left plot) we find the expected behavior: a strong rise close to the production threshold, followed by a decrease with increasing √ s. We find a very small shift w.r.t. √ s around the production threshold.
Away from the production threshold, loop corrections of ∼ −8% at √ s = 500 GeV and ∼ +14% at √ s = 1000 GeV are found in scenario S (see Tab. 2), with a "tree crossing"
(i.e. where the loop corrections become approximately zero and therefore cross the tree-level result) at √ s ≈ 575 GeV. The relative size of loop corrections increase with increasing √ s (and decreasing σ) and reach ∼ +19% at √ s = 3000 GeV.
With increasing µ in S (upper right plot) we find a strong decrease of the production cross section, as can be expected from kinematics, discussed above. The relative loop corrections in S reach ∼ +30% at µ = 240 GeV (at the border of the experimental limit), ∼ +14% at µ = 450 GeV (i.e. S) and ∼ −30% at µ = 1000 GeV. In the latter case these large loop corrections are due to the (relative) smallness of the tree-level results, which goes to zero for µ = 1020 GeV (i.e. the chargino production threshold).
The cross section as a function of ML (= MẼ) is shown in the lower left plot of Fig. 14. This mass parameter controls the t-channel exchange of first generation sleptons at tree-level. First a small decrease down to ∼ 90 fb can be observed for ML ≈ 400 GeV. For larger ML the cross section rises up to ∼ 190 fb for ML = 2 TeV. In scenario S we find a substantial increase of the cross sections from the loop corrections. They reach the maximum of ∼ +18% at ML ≈ 850 GeV with a nearly constant offset of about 20 fb for higher values of ML.
Due to the absence of ϕ M 1 in the tree-level production cross section the effect of this complex phase is expected to be small. Correspondingly we find that the phase dependence ϕ M 1 of the cross section in our scenario is tiny. The loop corrections are found to be nearly independent of ϕ M 1 at the level below ∼ +0.1% in S. We also show the variation with ϕ At , which enter via final state vertex corrections. While the variation with ϕ At is somewhat larger than with ϕ M 1 , it remains tiny and unobservable.
In Fig. 15 we present the cross sections e + e − →χ ± 1χ ∓ 2 . In the analysis as a function of √ s (upper left plot) we find as before a tiny shift w.r.t. √ s, where the position of the maximum cross section shifts by about +50 GeV. The relative corrections are found to be of ∼ +8% at √ s = 1000 GeV (i.e. S), and ∼ −20% at √ s = 3000 GeV. The peak (hardly visible in the dotted line) at √ s ≈ 940 GeV is the production threshold mχ±
The dependence on µ (upper row, right plot) is nearly linear, and mostly due to kinematics. The loop corrections are ∼ +17% at µ = 240 GeV, ∼ +8% at µ = 450 GeV (i.e. S), and ∼ −27% at µ = 660 GeV where the tree level goes to zero (i.e. the chargino production threshold). These large loop corrections are again due to the (relative) smallness of the tree-level results at µ ≈ 660 GeV.
As a function of ML (middle left plot) the cross section is rather flat for ML > ∼ 800 GeV. The relative corrections increase from ∼ −16% at µ = 400 GeV to ∼ +8% at µ = 1300 GeV, with a tree crossing at µ ≈ 800 GeV.
The dependence on ϕ M 1 (middle right plot) is again very small, the loop corrections are found to be nearly independent of ϕ M 1 below the level of ∼ +0.1%. We show separately the cross sections for e + e − →χ + 1χ − 2 and e + e − →χ − 1χ + 2 . As the inlay shows they differ from each other, but only at an (experimentally indistinguishable) level of O(0.1%). In addition we also show here the dependence on ϕ At , which turns out to be substantially larger than the effects of ϕ M 1 . They are found at the level of ∼ +0.7%, most likely below the level of observation.
For this production channel we also show the variation with t β in the lower left plot of Fig. 15 . From t β ≈ 3 and σ(e + e − →χ ± 1χ ∓ 2 ) ∼ 4.1 fb the cross section decreases to σ(e + e − →χ ± 1χ ∓ 2 ) ∼ 3.3 fb at t β = 50. The size of the loop corrections varies from ∼ +8.6% to ∼ +7% from low to high t β .
In addition, here we show in the lower right plot of Fig. 15 the CP-odd observable A 12 , see Eq. (7), varied with the complex phases ϕ M 1 and ϕ At . However, for our parameter set S the CP asymmetries turn out to be very small, well below ±1%, hardly measurable in future e + e − collider experiments.
We finish the e + e − →χ ± cχ ∓ c ′ analysis in Fig. 16 in which the results for c = c ′ = 2 are displayed. As a function of √ s (upper left plot) we find a maximum of ∼ 60 fb at √ s = 1200 GeV. The loop corrections are ∼ −19% at √ s = 1000 GeV (i.e. S), and ∼ +13% at √ s = 3000 GeV.
In S, but with µ varied (upper right plot) we find the highest values of ∼ 125 fb at the lowest mass scales, going to zero for µ ≈ 480 GeV due to kinematics. The relative corrections are ∼ +10% at µ = 240 GeV and ∼ −19% at µ = 450 GeV (i.e. S), with a tree crossing at µ ≈ 350 GeV.
The cross section increases slowly with increasing ML and the full corrections reach their maximum of ∼ 45 fb at the highest values shown, ML = 2000 GeV. The relative corrections are nearly constant, increasing only from ∼ −17.3% at ML = 200 GeV to ∼ −18.4% at ML = 2000 GeV.
The dependence on ϕ M 1 and ϕ At (lower right plot) is again tiny, the loop corrections are found to be nearly independent of ϕ M 1 and ϕ At below the level of ∼ +0.1%, as shown explicitely in the inlay.
Overall, for the chargino pair production we observed an decreasing cross section ∝ 1/s for s → ∞; see Ref. [21] . The full one-loop corrections are very roughly 10-20% of the treelevel results, but depend strongly on the size of µ, where larger values result even in negative loop corrections. The cross sections are largest for e + e − →χ We start with the process e + e − →χ 0 1χ 0 1 shown in Fig. 17 . Away from the production threshold, loop corrections of ∼ +13% at √ s = 1000 GeV are found in scenario S (see Tab. 2), with a maximum of nearly 7 fb at √ s ≈ 2000 GeV. The relative size of the loop corrections increase with increasing √ s and reach ∼ +22% at √ s = 3000 GeV.
With increasing µ in S (upper right plot) we find a strong decrease of the production cross section, as can be expected from kinematics, discussed above. The relative loop corrections reach ∼ +14% at µ = 240 GeV (at the border of the experimental exclusion bounds) and ∼ +13% at µ = 450 GeV (i.e. S). The tree crossing takes place at µ ≈ 1600 GeV. For higher µ values the loop corrections are negative, where the relative size becomes large due to the (relative) smallness of the tree-level results, which goes to zero for µ ≈ 2000 GeV.
The cross sections are decreasing with increasing ML, i.e. the (negative) interference of the t-channel exchange decreases the cross sections, and the full one-loop result has its maximum of ∼ 100 fb at ML = 200 GeV. Analogously the relative corrections are decreasing from ∼ +27% at ML = 200 GeV to ∼ +12% at ML = 2000 GeV. For the other parameter variations one can conclude that a cross section larger by nearly one order of magnitude can be possible for very low ML (which are not yet excluded experimentally). Now we turn to the complex phase dependence. As for the chargino production, ϕ At enters only via final state vertex corrections. On the other hand, ϕ M 1 enters already at treelevel, and correspondingly larger effects are expected. We find that the phase dependence ϕ M 1 of the cross section in S is small (lower right plot), possibly not completely negligible, amounting up to ∼ 2.3% for the full corrections. The loop corrections at the level of ∼ +13% are found to be nearly independent of ϕ M 1 , with a relative variation of σ loop /σ tree at the level at µ = 230 GeV and ∼ −1% at µ = 450 GeV (i.e. S). The dependence on ML is shown in the lower left plot of Fig. 18 and follows the same pattern as for e + e − →χ 0 1χ 0 1 , i.e. a strong decrease with increasing ML. Also in this case for the other parameter variations an order of magnitude increase could be possible for very low ML.
The phase dependence ϕ M 1 of the cross section in S is shown in the lower right plot of Fig. 18 . In this case it turns out to be substantial, changing the full cross section by up to 26%. The tree crossings are at ϕ M 1 ≈ 45
• , 315
• . The relative loop corrections (σ loop /σ tree ) vary with ϕ M 1 between ∼ −0.7% and ∼ +3%. The variation with ϕ At , on the other hand, is substantially smaller. The loop corrected cross section varies by less than −1%, as can be seen in the inlay.
Finally, in addition we have calculated the process e + e − →χ 0 1χ 0 2 also within the  CNN[1,1,3], CNN[1,1,4], CNN[2,1,2], and CNN[2,1,3 ] renormalization schemes; see Ref. [44] . The differences (compared to the CCN[1] scheme including our default choice of M 2 = µ/2) for all parameters √ s, µ, ML, and ϕ M 1 varied with our input parameter set S are very small (far below 1%). The only exception here is the CNN[2,1,3] renormalization scheme, where for µ > 1000 GeV we found a slightly larger difference of ∼ 1%. Because of these very small differences (within S) we have omitted to show the results for the CNN[c, n, n ′ ] schemes in our Fig. 18 . In order to analyze the differences between the various renormalization schemes in more detail, we evaluated the process e + e − →χ (CNN[1,1,3] ) is expected to be reliable for µ smaller (larger) than M 2 , as in this case again each of the three OS renormalization conditions is strongly connected to the three input parameters. Exactly this behavior can be observed in the plot: for µ ≤ M 2 = 450 GeV CNN [2, 1, 3] is nearly identical to CCN [1] , whereas for µ > M 2 = 450 GeV the other scheme, CNN [1, 1, 3] , is very close to CCN [1] . A rising deviation between the CNN [2, 1, 3] and the other two schemes can be observed for µ > 1000 GeV. Here the fact contributes that we have an increasing mass splitting of the one-loop corrected masses m os χ 0 2 between these schemes in the kinematics. 8 We now turn to the process e + e − →χ 0 1χ 0 3 shown in Fig. 19 , which is found to be rather small of O(1 fb). As a function of √ s (upper row, left plot) we find a small shift w.r.t. √ s directly at the production threshold, as well as a shift of ∼ +50 GeV of the maximum cross section position. The loop corrections range from ∼ +11% at √ s = 1000 GeV (i.e. S) to ∼ +28% at √ s = 3000 GeV. The dependence on µ (upper right plot) is rather small. The relative corrections are ∼ +17% at µ = 240 GeV, ∼ +11% at µ = 450 GeV (i.e. S), and have a tree crossing at µ ≈ 650 GeV. For larger µ the cross section goes to zero due to kinematics.
The cross section decreases with ML (middle left plot), again due to the negative interference of the t-channel contribution. The full correction has a maximum of ∼ 2 fb for ML = 200 GeV, going down to ∼ 0.5 fb at ML = 2000 GeV. Analogously the relative corrections are decreasing from ∼ +28% at ML = 200 GeV to ∼ +8% at ML = 2000 GeV.
The phase dependence ϕ M 1 of the cross section in S is shown in the middle right plot of Fig. 19 . It is very pronounced and can vary σ full (e + e − →χ 0 1χ 0
3 ) by 60%. The (relative) loop corrections are at the level of ∼ 10% and vary with ϕ M 1 below ±1% w.r.t. the tree cross section.
Here we also show the variation with t β in the lower plot of Fig. 19 . The loop corrected cross section decreases from ∼ 0.7 fb at small t β to ∼ 0.45 fb at t β = 50. The relative corrections for the t β dependence are increasing from ∼ +9% at t β = 3 to ∼ +12% at t β = 50.
The process e + e − →χ 0 1χ 0 4 is shown in Fig. 20 , which is found to be very small in S at O(0.1 fb), but can be substantially larger by nearly one order of magnitude for small ML; see below. Away from the production threshold, loop corrections of ∼ +17% at √ s = 1000 GeV (i.e. S) are found. They reach their maximum of ∼ +19% at √ s = 1250 GeV and then decrease to ∼ +16% at √ s = 3000 GeV.
With increasing µ in S (upper right plot) we find again a decrease of the production cross section, as can be expected from kinematics. The relative loop corrections reach ∼ +21% at µ = 240 GeV and go down to ∼ +17% at µ = 450 GeV (i.e. S). The tree crossing is found at µ ≈ 700 GeV, where the cross section is already below the observable level.
The cross section depends strongly on ML. It is decreasing with increasing ML and the full corrections have their maximum of ∼ 2.8 fb at ML = 200 GeV, going down to ∼ 0.1 fb at ML = 2000 GeV. The variation of the relative corrections are rather small, ∼ +14% at ML = 200 GeV, ∼ +17% at ML = 1500 GeV and ∼ +14% at ML = 2000 GeV.
The phase dependence on ϕ M 1 of the cross section in S is shown in the lower right plot. The full cross section varies by more than 40%, and the (relative) loop corrections vary with ϕ M 1 between ∼ +17% and ∼ +23%, i.e. max. ∼ +6%.
The process e + e − →χ 0 2χ 0 2 is shown in Fig. 21 . Away from the production threshold we find large loop corrections of ∼ +43% at √ s = 1000 GeV. The maximum cross section of nearly 4 fb is shifted from √ s ≈ 2100 GeV down to √ s ≈ 1600 GeV due to the full one-loop corrections. They have a tree crossing at √ s ≈ 1900 GeV and reach ∼ −20% at √ s = 3000 GeV.
With increasing µ in S (upper right plot) we find a decrease of the production cross section, as can be expected from kinematics. The relative loop corrections also decrease from ∼ +47% at µ = 240 GeV to ∼ +43% at µ = 450 GeV (i.e. S). The loop corrections go to zero for µ = 1000 GeV, where also the cross section goes to zero.
As for other neutralino production cross sections, σ(e + e − →χ to ∼ +84% at ML = 2000 GeV with a tree crossing at ML ≈ 550 GeV.
The phase dependence ϕ M 1 of the cross section in S is shown in the lower right plot. The full cross section varies by ∼ 7%, where loop corrections are found at the level of ∼ +43% w.r.t. the tree cross section. The relative corrections (σ loop /σ tree ) vary up to ∼ +2.5% as a function of ϕ M 1 .
The dependence on t β (not shown) is qualitatively similar to e + e − →χ 0 1χ 0 3 . The relative corrections for the t β dependence are increasing from ∼ +41% at t β = 3 to ∼ +44% at t β = 50. Now we turn to the process e + e − →χ 0 2χ 0 3 shown in Fig. 22 . The peak in the upper left plot of Fig. 22 (in the dotted line) at √ s ≈ 940 GeV is again the production threshold
As a function of √ s we find relative corrections of ∼ +11% at √ s = 1000 GeV (i.e. S), and ∼ −2% at √ s = 3000 GeV with a tree crossing at √ s ≈ 2700 GeV.
The dependence on µ is shown in the upper right plot. The peak (hardly visible in the dotted line) at µ ≈ 481 GeV is (again) the production threshold mχ± 1000 GeV. The relative corrections are ∼ +16% at µ = 240 GeV, ∼ +11% at µ = 450 GeV (i.e. S), and decreasing with a tree crossing for µ ≈ 550 GeV. Due to kinematics the cross section goes to zero for µ = 680 GeV.
In the analysis as a function of ML (lower row, left plot) the cross section is decreasing with increasing ML, but varies (only) by a factor of ∼ 2 w.r.t. S. The full correction has its maximum of ∼ 4.5 fb at ML = 200 GeV. The relative corrections are increasing from ∼ −7% at ML = 200 GeV to ∼ +12% at ML = 2000 GeV with a tree crossing at ML ≈ 520 GeV.
The phase dependence ϕ M 1 of the cross section in S is shown in the lower right plot of Fig. 22 . The full cross section is found to be very at the per-cent level. The loop corrections are ∼ 11%, but the (relative) variation with ϕ M 1 stays below 0.4%.
The process e + e − →χ 0 2χ 0 4 is shown in Fig. 23 and is found to be rather small, where as before an increase by an order of magnitude is possible for low ML; see below. The peak in the upper left plot (not visible in the dotted line) at √ s ≈ 940 GeV is (again) the production threshold mχ± √ s = 1000 GeV (i.e. S), a tree crossing at √ s ≈ 1400 GeV and ∼ −38% at √ s = 3000 GeV.
The dependence on µ is shown in the upper right plot. The peak (not visible in the dotted line) at µ ≈ 481 GeV is (again) the production threshold mχ±
The relative corrections are ∼ +20% at µ = 240 GeV, ∼ +14% at µ = 450 GeV (i.e. S), and decrease further for larger µ, crossing zero at µ ≈ 600 GeV, where the cross section is below the observable level in S.
In the analysis as a function of ML (middle left plot) the cross sections are decreasing with increasing ML and the full corrections have their maximum of ∼ 3 fb at ML = 200 GeV, about an order of magnitude larger than in S. The relative corrections are changing from ∼ −28% at ML = 200 GeV to ∼ +28% at ML = 2000 GeV with a tree crossing at ML = 1100 GeV.
The phase dependence ϕ M 1 of the cross section in S is shown in the middle right plot of Fig. 23 . The full correction is seen to vary up to ∼ +12% with loop corrections increasing the tree-level result by ∼ +14%. The phase dependence of the relative loop correction is (again) rather small and found to be below 0.6%. We show again in the lower row the dependence on t β . Contrary to other neutralino production cross sections analyzed before, σ full (e + e − →χ 0 2χ 0 4 ) increases with t β by up to ∼ 21% going from the lowest to the highest t β values. The relative corrections for the t β dependence vary below +0.8%, between ∼ +13.75% at t β = 17 and ∼ +14.5% at t β = 50.
The process e + e − →χ 0 3χ 0 3 is shown in Fig. 24 . The overall size of this cross section turns out to be very small, including all analyzed parameter variations. Consequently, the loop corrections have a sizable impact, as can be seen in all four panels of Fig. 24 , but never lift the cross section above 0.08 fb. For this reason we refrain from a more detailed discussion here. However, we would like to remark that with polarized positrons (P (e + ) = +30%) and electrons (P (e − ) = −80%) cross sections up to ∼ 0.1 fb are possible in S, as we show in the upper right plot. This could result in an observable cross section for some parts of the allowed parameter range; see Ref. [85] for related discussions. We now turn to the process e + e − →χ 0 3χ 0 4 shown in Fig. 25 , which turns out to be sizable at the level of several 10 fb. As a function of √ s (upper left plot) we find loop corrections of ∼ −20% at √ s = 1000 GeV (i.e. S), and ∼ +11% at √ s = 3000 GeV, with a tree crossing at √ s ≈ 1400 GeV.
The dependence on µ is shown in the upper right plot. The relative corrections are ∼ +8% at µ = 240 GeV, ∼ −22% at µ = 450 GeV (i.e. S), where the cross section goes to zero at µ = 490 GeV. The tree crossing is found at µ ≈ 320 GeV.
In the analysis as a function of ML (lower left plot) the cross section is nearly independent of ML, due to the strong higgsino admixture of the final state neutralinos. This feature was already observable in Fig. 24 . The loop corrected cross section is ∼ 18 fb. The relative corrections are increasing from ∼ −18% at ML = 200 GeV to ∼ −23% at ML = 2 TeV.
The phase dependence ϕ M 1 of the cross section in S is shown in the lower right plot of Fig. 25 and is found to be negligible. This applies to the cross section as well as the absolute and the relative size of the loop corrections as a function of ϕ M 1 . the overall size of this cross section is small, O(10 ab). This holds again for all parameter variations. For this reason we (again) skip a more detailed discussion here. Using polarized electrons/positrons (P (e + ) = +30% and P (e − ) = −80%), as shown in the upper right plot could yield production cross sections up to ∼ 0.4 fb, again possibly observable over some part of the relevant parameter space.
Overall, for the neutralino pair production the leading order corrections can reach a level of O(10 fb), depending on the SUSY parameters, but is very small for the production of two equal higgsino dominated neutralinos at the O(10 ab) level. This renders these processes difficult to observe at an e + e − collider. 9 Having both beams polarized could turn out to be crucial to yield a detectable production cross section in this case; see Ref. [85] for related analyses.
The full one-loop corrections are very roughly 10-20% of the tree-level results, but vary strongly on the size of µ and ML. Depending on the size of in particular these two parameters the loop corrections can be either positive or negative. This shows that the loop corrections, while being large, have to be included point-by-point in any precision analysis. The dependence on ϕ M 1 was found at the level of ∼ 15%, but can go up to ∼ 40% for the extreme cases. The relative loop corrections varied by up to 5% with ϕ M 1 . Consequently, the complex phase dependence must be taken into account as well.
Conclusions
We have evaluated all chargino/neutralino production modes at e + e − colliders with a twoparticle final state, i.e. e + e − →χ ± cχ ∓ c ′ and e + e − →χ 0 nχ 0 n ′ allowing for complex parameters. In the case of a discovery of charginos and neutralinos a subsequent precision measurement of their properties will be crucial to determine their nature and the underlying (SUSY) parameters. In order to yield a sufficient accuracy, one-loop corrections to the various chargino/neutralino production modes have to be considered. This is particularly the case for the high anticipated accuracy of the chargino/neutralino property determination at e + e − colliders [14] . The evaluation of the processes (1) and (2) is based on a full one-loop calculation, also including hard and soft QED radiation. The renormalization is chosen to be identical as for the various chargino/neutralino decay calculations; see, e.g. Refs. [17] [18] [19] or chargino/higgsino production from heavy Higgs boson decay; see, e.g. Ref. [20] . Consequently, the predictions for the production and decay can be used together in a consistent manner (e.g. in a global phenomenological analysis of the chargino/neutralino sector at the one-loop level).
We first very briefly reviewed the relevant sectors including some details of the one-loop renormalization procedure of the cMSSM, which are relevant for our calculation. In most cases we follow Ref. [44] . We have discussed the calculation of the one-loop diagrams, the treatment of UV, IR, and collinear divergences that are canceled by the inclusion of (hard, soft, and collinear) QED radiation. As far as possible we have checked our result against the literature, and in most cases we found good agreement, where parts of the differences can be attributed to problems with input parameters and/or different renormalization schemes (conversions).
For the analysis we have chosen a standard parameter set (see Tab. 2), that allows the production of all combinations of charginos/neutralinos at an e + e − collider with a centerof-mass energy up to √ s = 1000 GeV. In the analysis we investigated the variation of the various production cross sections with the center-of-mass energy √ s, the Higgs mixing parameter µ, the slepton soft SUSY-breaking parameter ML and the complex phases ϕ M 1 and ϕ At of the gaugino mass parameter M 1 and the trilinear Higgs-stop coupling, A t , respectively. Where relevant we also showed the variation with t β . In our numerical scenarios we compared the tree-level production cross sections with the full one-loop corrected cross sections. The numerical results we have shown are, of course, dependent on the choice of the SUSY parameters. Nevertheless, they give an idea of the relevance of the full one-loop corrections. For the chargino pair production, e + e − →χ coupling at tree level in the MSSM. The variation of the cross sections and of the CP asymmetry A 12 with ϕ M 1 or ϕ At is found extremely small and the dependence on other phases were found to be roughly at the same level and have not been shown explicitely.
For the neutralino pair production, e + e − →χ 0 nχ 0 n ′ , the cross section can reach a level of O(10 fb), depending on the SUSY parameters, but is very small for the production of two equal higgsino dominated neutralinos at the O(10 ab). This renders these processes difficult to observe at an e + e − collider. 10 Having both beams polarized could turn out to be crucial to yield a detectable production cross section in this case. The full one-loop corrections are very roughly 10-20% of the tree-level results, but vary strongly on the size of µ and ML. Depending on the size of in particular these two parameters the loop corrections can be either positive or negative. The dependence on ϕ M 1 was found to reach up to ∼ 15%, but can go up to ∼ 40% for the extreme cases. The (relative) loop corrections varied by up to 5% with ϕ M 1 . This shows that the loop corrections, including the complex phase dependence, have to be included point-by-point in any precision analysis, or any precise determination of (SUSY) parameters from the production of cMSSM charginos/neutralinos at e + e − linear colliders. We emphasize again that our full one-loop calculation can readily be used together with corresponding full one-loop corrections to chargino/neutralino decays [17] [18] [19] or other chargino/neutralino production modes [20] .
